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Abstract

Taxol, 1-ÃŸ-D-arabinofuranosyIcytosine (ara-C), and etoposide induce
apoptosis in HL-60 cells that is blocked by overexpression of Bcl-2 or
Ikl-\,, A ~60-amino acid "loop"domain of Bcl-2 and Bcl-xLthat contains

phosphorylation sites is known to negatively regulate their antiapoptotic
function. In the present studies, Taxol-, ara-C-, or etoposide-induced
apoptosis was examined in HL-60/Bcl-2A and HL-60/Bcl-xLA cells that
express the loop-deletional mutant cDNA constructs pl9Bcl-2A32-80 and
pl8Bcl-xLA26-83, respectively. This was compared with control HL-60/
neo cells as well as HL-60/Bcl-2 and HL-60/Bcl-xLcells. The latter two cell
lines overexpress full-length Bcl-2 and IH-l-x,, respectively. Immunoblot
analyses showed that HL-60/neo and HL-60/Bcl-2A cells express similar
levels of p26Bcl-2. In contrast, as compared with HL-60/neo, HL-60/BcI-
x, A cells expressed significantly lower levels of p26Bcl-2. p29Bcl-xLand
p21Bax levels were similar in all cell types. Exposure to etoposide (50 fiM)
or ara-C (100 /j\n for 4 h induced apoptosis in HL-60/neo cells, but not in
HL-60/Bcl-2, HL-60/Bcl-xL, HL-60/Bcl-2A, or HL-60/Bcl-xLA cells. In
contrast, Taxol treatment (500 IIMfor 24 h) triggered the molecular
cascade of apoptosis, represented by the cytosolic increase of cytochrome
c and poly(ADP-ribose) polymerase or the DNA fragmentation factor
cleavage activity of caspase-3 in HL-60/neo cells as well as in HL-60/Bcl-
xLAand HL-60/Bcl-2A cells, but not in their counterparts overexpressing
full-length Bcl-2 and Bcl-x,. Equal amounts of p26Bcl-2 were coimmuno-
precipitated with apoptosis protease-activating factor 1 (APAF-1) in HL-
60/neo and HL-60/Bcl-2A cells, whereas a markedly higher level of
p26Bcl-2 coimmunoprecipitated with APAF-1 in HL-60/Bcl-2 cells. In
association with Taxol-induced apoptosis, the levels of Bcl-2 that were
coimmunoprecipitated with APAF-1 declined in HL-60/neo and HL-60/
Bcl-2A cells. This was not observed in 111.-o<)/Bcl-2cells, in which Taxol-
induced apoptosis was blocked. Previous studies have demonstrated that
Taxol induces phosphorylation of Bcl-2 in association with Taxol-induced
apoptosis of HL-60/neo cells. Immunoblot analysis demonstrated a Taxol-
induced mobility shift of Bcl-2 but not pl9Bcl-2A. Taxol also increased
[32P]P, incorporation in p26Bcl-2, but not in pl9Bcl-2A or plKBcl-x,..
These findings indicate that the loop domain is necessary for the Taxol-
induced mobility shift and phosphorylation of Bcl-2. Loop domain also
seems to be necessary for the antiapoptotic effect of Bcl-2 against Taxol-
induced apoptosis but not ara-C- or etoposide-induced apoptosis.

Introduction

Previous reports have demonstrated that overexpression of the
antiapoptotic Bcl-2 or Bcl-xL protein inhibits apoptosis due to anti-
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cancer agents including Taxol, ara-C,2 and etoposide (1-3). Bcl-2 and

Bcl-xL are known to function upstream to and block the activity of a

family of proteins known as caspases that cleaves and degrades a
number of substrates after aspartic acid in the PI position (4-6).

Degradation of these substrates is associated with the morphological
and biochemical features and DNA fragmentation of apoptosis (4-6).
The heterodimerization status of Bcl-2 and Bcl-xL with their proapop-

totic family members such as Bax, Bak, or Bad modulates apoptosis
due to a variety of apoptotic stimuli by regulating caspase activity (6).
Recently, the antiapoptotic effect of Bcl-2 and Bcl-xL, which are

located in the outer mitochondrial membrane, has been linked to the
blockage of the mitochondrial permeability transition and the release
of cyt c and its accumulation in the cytosol (7-9). Here, cyt c has been
shown to bind APAF-1, the human homologue of the Caenorhabditis
elegans ced-4 gene, and, in the presence of dATP, promotes the
binding, cleavage, and activity of caspase-9, which in turn cleaves and
activates the key apoptosis executioner, caspase-3 (10, 11). Although
ced-9 has been shown to bind and inactivate ced-4 in c. elegans (12,
13), whether Bcl-2 binds and inhibits APAF-1, thereby inhibiting
cleavage and activation of caspase-3, has not been elucidated (6). The
three-dimensional structures of Bcl-2 and Bcl-xL have revealed the
similarity of these proteins to the pore-forming domains of certain

bacterial toxins that form membrane channels for ions and low mo
lecular weight proteins (6, 14, 15). For example, the structure of
Bcl-xL was shown to contain a seven-a-helix bundle, comprised of
two (Â«5and a6) core hydrophobic helices surrounded by five am-
phipathic a-helices (14). A large unstructured loop domain consisting
of â€”¿�60amino acids has also been identified in Bcl-2 and Bcl-xL (14).
Recent studies using the loop-deletional mutants of Bcl-2 and Bcl-xL

have demonstrated that the loop region may negatively regulate their
antiapoptotic action (16); it may be the target for the posttranslational
modification, such as phosphorylation, of Bcl-2 and Bcl-xL (16).

Previous reports have shown that Taxol and a number of other
antimicrotubule anticancer agents induce serine phosphorylation of
Bcl-2 (17-19), which may be associated with the abrogation of its
antiapoptotic effect (19). It is not clear whether Taxol-induced serine
phosphorylation of Bcl-2 in its loop domain affects its membrane

channel protein function, which may regulate the preapoptotic mito
chondrial release of cyt c into the cytosol or the mitochondrial
permeability transition (A^m; Refs. 8, 9, and 20). In contrast, another
report has suggested that the phosphorylation of Bcl-2 in its loop

domain may be required for its antiapoptotic function (21). These
reports notwithstanding, it is clearly important to investigate the role
of the loop domain in Taxol-induced Bcl-2 phosphorylation and

2 The abbreviations used are: ara-C. 1-/3-D-arabinofuranosylcytosine; cyt c, cyto

chrome r; PARP, poly(ADP-ribose) polymerase; OFF, DNA fragmentation factor;
APAF-1, apoptosis protease-activating factor 1; PMSF, phenylmethylsulfonyl fluoride;
ECL, enhanced chemi-luminescence; CAD, caspase-activated DNase.
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apoptosis. Results of the present studies demonstrate that the loop-
deletional mutants of Bcl-2 and Bcl-xL are not phosphorylated by
Taxol. They also do not inhibit the Taxol-induced cytosolic increase

of cyt c and the resulting molecular cascade of apoptosis, but they do
block ara-C- or etoposide-induced apoptosis. Furthermore, our find
ings also demonstrate that Bcl-2 is coimmunoprecipitated with
APAF-1, and this binding is significantly reduced during Taxol-
induced apoptosis of HL-60/neo and HL-60/Bcl-2A but not HL-60/
Bcl-2 cells.

Materials and Methods

Reagents. Paclitaxel was kindly provided by Dr. Patricia A. Pilia (NaPro
Bio-Therapeutics, Inc., Boulder, CO). Paclitaxel was made fresh for each
experiment, as described previously (3). Ara-C and etoposide were purchased
from Sigma Chemical Co. (St. Louis, MO). To determine p26Bcl-2 levels, a
monoclonal anti-Bcl-2 antibody (DAKO, CarpinterÃa, CA) was used. For the
detection of pl9Bcl-2A, a polyclonal anti-Bcl-2 antibody (Santa Cruz Biotech
nology, Inc., Santa Cruz, CA) was used, whereas a polyclonal and Bcl-x
antibody was used to determine both p29Bcl-xL and pl8Bcl-xLA expression

(16). Dr. Ron Jemmerson (University of Minnesota Medical School, Minne
apolis, MN) kindly provided the monoclonal antibody for cyt c. Rabbit
anti-DFF (22) and anti-APAF-1 antisera (10) were kindly provided by Dr.

Xiaodong Wang (University of Texas Southwestern Medical Center, Dallas,
TX). Anti-CPP32ÃŸ/Yama antibody was purchased from Transduction Labo

ratories (Lexington, KY).
Cells and Transfection of the Bcl-xL Gene. Human myeloid leukemia

HL-60 cells were cultured to logarithmic growth phase in RPMI 1640 (Life

Technologies, Inc., Grand Island, NY) supplemented with 10% fetal bovine
serum. Viable cells (5 x IO6) were washed with ice-cold PBS and electropo-

rated with purified, linearized pSFFVneo plasmid alone or pSFFVneo plasmid
containing bcl-2, bcl-xL, or the bcl-2A32-80 or bcl-xLA26-83 deletional

mutant constructs as described previously (1, 16). The electroporation param
eters were 960 Â¿iF(capacitance), 260 V, 0.75 kV/cm (field strength), and 14
ms (time constant) with a Bio-Rad Gene Pulser (Hercules, CA; Ref. l. 16).

Transfected cells were selected in RPMI 1640 containing 10% fetal bovine
serum and l mg/ml G418 (Geneticin) for 4 weeks. Lysates from these clones
were evaluated for p26Bcl-2, pl9Bcl-2A, p29Bcl-xL, and pl8Bcl-xLA expres

sion by immunoblot analyses. The clones expressing high levels of the specific
proteins were further subcloned by limiting dilution. Representative subclones
each of the HL-60 transfectants were passaged twice per week and used for the

studies described below. Data presented in this study are representative of
those derived from at least two clones of HL-60/Bcl-2A, HL-60/Bcl-xLA,
HL-60/Bcl-2, or HL-60/Bcl-xL cells.

Western Analyses of Proteins. Western analyses of Bcl-2, Bcl-xL. Bax.
Bcl-2A32-80, Bcl-xLA26-83, caspase-3, OFF. APAF-1, and /3-actin were

performed using specific antisera or monoclonal antibodies (see above), as
described previously (1-3). Briefly, protein was extracted from the cells with

lysis buffer [142.5 mM KC1, 5 mM MgCl2, 10 mM HEPES (pH 7.2), 1 mM
EGTA, 0.2% NP40, and 0.2 mM PMSF] supplemented with 0.2 trypsin
inhibitory units/ml aprotinin. 0.7 ng/ml pepstatin, and 1 fig/ml leupeptin.
Appropriate protein amounts (20 ^.g) were subjected to 10% SDS-PAGE,

followed by electroblotting to nitrocellulose filters. The filters were probed
with the respective antibody (1:1000 dilution) and then with antirabbit or
antimouse peroxidase-conjugated secondary IgG antibodies. Immune com

plexes were detected with an ECL detection method and then exposed to
Kodak X-OMAT film (Eastman Kodak Co., Rochester, NY) for a few seconds.

Horizontal scanning densitometry was performed on Western blots by using
acquisition into Adobe Photo Shop (Apple, Inc., Cupertino, CA) and analysis
by the NIH Image Program (NIH, Bethesda, MD).

Preparation of S-100 Fraction and Western Analysis for Cyt c. Un
treated and drug-treated cells were harvested by centrifugation at 1.000 x g for
10 min at 4Â°C.The cell pellets were washed once with ice-cold PBS and

resuspended with 5 volumes of buffer A [20 min HEPES-KOH (pH 7.5), 10

mM KC1, 1.5 mM KC1, 1.5 mM MgCl2, 1 mM sodium EDTA, 1 mM sodium
EGTA, 1 mM DTT, and 0.1 mM PMSF] containing 250 mM sucrose. The cells
were homogenized with a 22-gauge needle, and the homogenates were cen-
trifuged at 100,000 X g for 30 min at 4Â°C(S-100 fraction). The supernatants

were collected, and the protein concentrations of S-100 were determined by

using the Bradford method (Bio-Rad). A total of 20-30 Â¿tgof S-100 was used

for Western blot analysis of cyt c, as described previously (23, 24).
In Vitro PARP Cleavage Activity of Caspase-3. In virro-translated 35S-

labeled PARP was prepared as described previously (23). The caspase activity
of caspase-3 was determined by its ability to degrade the in vifro-translated
35S-labeled PARP into its M, 85,000 and M, 31,000 fragments, as described

previously (23, 24).
Detection of Internucleosomal Fragmentation of Genomic DNA by

Agarose Gel Electrophoresis. After incubations with the designated concen
trations and schedules of the drugs, 1 X IO6 cells were pelleted. The genomic

DNA was extracted and purified, and its purity was determined spectropho-

tometrically (25). Agarose gel electrophoresis of 1.0 /Â¿gof DNA was per
formed as described previously (25).

Morphology of Apoptotic Cells. After treatment with or without the
drugs, 50 X IO3 cells were washed with PBS (pH 7.3) and resuspended in the

same buffer. Cytospin preparations of the cell suspensions were fixed and

stained with Wright stain. Cell morphology was determined by light micros
copy. In all, five different fields were randomly selected for counting of at least

500 cells. The percentage of apoptotic cells was calculated for each experiment

as described previously (25).
P, Labeling, Immunoprecipitation Studies, and Western Analyses.

Cells were washed with phosphate-free RPMI 1640, diluted to 1 X IO6

cells/ml, and treated with 500 nM paclitaxel. After 4 h of Taxol treatment,
[32P]PÂ¡(300 /j,Ci/ml) was added to the untreated and paclitaxel-treated cells. At

12 h, the cells were washed twice with cold PBS and resuspended in lysis
buffer [14.5 mM KC1, 5 mM MgCl,, 10 mM HEPES (pH 7.2), 1 mM EGTA,

0.2% NP40, 0.2 mM PMSF, 0.1% aprotinin, 0.7 Â¿ig/mlpepstatin, and 1 iig/ml
leupeptin] and incubated for 30 min. Lysed samples were centrifuged at
15,000 X g for 10 min to remove nuclei and cellular debris. Lysates were
precleared with 10% (v/v) protein A-Sepharose or protein G-Sepharo.se for 30
min and centrifuged at 400 X g for 2 min. The specific monoclonal anti-Bcl-2

and polyclonal anti-Bcl-2 antibodies (Santa Cruz Biotechnology, Inc.) or
anti-Bcl-x antibody was added overnight, and the immunoprecipitates were

captured with 10% (v/v) protein A-Sepharose and 10% (v/v) protein G-

Sepharose for 60 min. Immunoprecipitates were washed twice with lysis buffer

(once with lysis buffer without NP40, and once with lysis buffer without NP40
but containing 0.5 M NaCl). Immunoprecipitates were then resuspended in
SDS-PAGE sample buffer and electrophoresed through 12.5% SDS-polyacryl-

amide gels. Gels were then dried and visualized with a Phosphorlmager

(Molecular Dynamics).
Separate immunoprecipitates from cold lysates were also electrophoresed

through 12.5% SDS-PAGE gels and electrotransferred to nitrocellulose mem
branes. Membranes were incubated with the primary antibody to Bcl-2. The
antigen-antibody complexes were visualized with an ECL detection system

(Amersham Little Chalfont. United Kingdom). The membranes were exposed
to Kodak X-OMAT film (Eastman Kodak Co.).

APAF-1 Immunoprecipitation. Rabbit polyclonal antiserum against
APAF-1 was used for immunoprecipitation. APAF-1 antibody-conjugated
protein A-agarose beads were prepared as described previously (10, 26).
Aliquots of 200 /xg of the protein extracts of Taxol-treated and untreated

samples (the same as those used in Fig. 3) were incubated with 30 Â¿dof
antibody protein A-agarose beads. After incubation at 4Â°Covernight, the

mixtures were pelleted by centrifugation, and the beads were washed four
times with buffer A. The beads were then resuspended in 60 /xl of 1X SDS

loading buffer. After boiling for 5 min, the beads were pelleted by centrifu
gation, and the supernatants were collected. Aliquots of 25 /xl of the resulting
supernatants were subjected to 12% SDS-PAGE, followed by electroblotting to
a nitrocellulose blot. The filter was probed with the anti-Bcl-2 antibody
dilution ( 1:1000). The antigen-antibody complexes were visualized by an ECL

method. The blot was exposed to Kodak X-OMAT film (Eastman Kodak Co.)

for 1 min.
Statistical Analysis. Significant differences between values obtained in a

population of leukemic cells treated with different experimental conditions
were determined by paired / test analyses. A one-way ANOVA was also

applied to the results of the various treatment groups, and post hoc analysis was
performed using the Bonferroni correction method.
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Results

Effect of Loop Domain-deleted Bcl-2 or Bcl-xL Expression on
the Endogenous Levels of p26Bcl-2, p29Bcl-x,_, or Bax. Western

blot analyses of proteins were performed to compare the expressions
of Bcl-2, Bcl-xL> Bcl-2A, Bcl-xLA, and Bax in the various HL-60
transfectants. Fig. 1 demonstrates that as compared with HL-60/neo
cells, HL-60/BcI-2 cells contain approximately 5-fold higher levels of
p26Bcl-2 without significant alterations in Bcl-xL and Bax levels. As
compared with HL-60/neo cells, HL-60/Bcl-xL cells have approxi
mately 10-fold higher levels of p29Bcl-xL but lower levels of Bcl-2.
The decline in the endogenous Bcl-2 levels in the Bcl-xL transfectants

has also been noted previously, although its mechanism has not been
determined (27). Bax levels were similar in the two cell types. As
compared with the levels of full-length p26Bcl-2 in HL-60/Bcl-2
cells, HL-60/Bcl-2A cells express lower levels of the deletional mu
tant, pl9Bcl-2A. Twice as much protein extract from HL-60/Bcl-2A
cells was probed, and a 3-fold greater exposure interval was used. The
p26Bcl-2 and Bax levels were similar in HL-60/Bcl-2A and HL-60/
neo cells. As compared with HL-60/neo cells, HL-60/Bcl-xLA cells
have markedly lower levels of p26Bcl-2 (Fig. 1); the molecular basis
of this has not been determined. Again, similar to pl9Bcl-2A, the
expression of the deletional mutant pl8Bcl-xLA was much lower than
that of the full-length p29Bcl-xL in HL-60/Bcl-xL cells. Lower ex

pression of the deletional mutant proteins in their transfectants has
been reported previously (16).

Deletional Mutants of the Loop Domain of Bcl-2 or Bcl-xL
Effectively Inhibit Etoposide- and Ara-C-induced but not Taxol-

induced Apoptosis. Previous studies have demonstrated that as com
pared with their full-length counterparts, the loop deletion mutants of
Bcl-2 and Bcl-xL display a more potent inhibition of apoptosis in
duced by interleukin 3 deprivation in murine pro-B FL5.12 cells (16).
Similarly, anti-IgM-induced apoptosis of WEHI-231 cells was
blocked by the loop deletion mutant but not the full-length Bcl-2. In

the present studies, we compared the effects of enforced expression of
the loop-deletional mutants and full-length Bcl-2 and Bcl-xL in HL-60
cells on apoptosis induced by high-dose ara-C (100 /H.M),etoposide

(50 H.M),or Taxol (500 nM). Fig. 2 demonstrates that the exposure of
HL-60/neo cells to any of the three drugs caused apoptosis-associated

intemucleosomal DNA fragmentation. This was accompanied by mor
phological features of apoptosis in a mean of 33.0, 48.0, and 35.0% of

HL-60

NEO

HL-60

Bcl-2 Bcl-2/A Bel-XL Btl-XL/A

p21 Bax

Fig. 1. Western analyses of the levels of Bax and full-length p26Bcl-2 and p29Bcl-xL
as well as the loop deletion mutant pl9Bcl-2A and pl8Bcl-xLA in HL-60/neo, HL-60/
Bcl-2, HL-60/Bcl-2A, HL-60/Bcl-xL, and HL-60/Bcl-xLA cells.

100 uM Ara-C, 4h
50 uM Etopside, 4h
500 nM Taxol, 24h

Fig. 2. Loop deletion mutants of Bcl-2 and Bcl-xL do not block Taxol-induced
intemucleosomal DNA fragmentation. After culture with and without ara-C (100 JIM for

4 h), etoposide (50 /AMfor 4 h), or Taxol (500 run for 24 h), purified DNA from
HL-60/neo, HL-60/Bcl-2, HL-60/Bcl-xL, HL-60/Bcl-2A, or HL-60/Bcl-xLA cells was
gel-electrophoresed, and intemucleosomal DNA fragmentation associated with apoptosis
was evaluated.

cells treated with ara-C, etoposide, and Taxol, respectively (Table 1).
Overexpression of full-length Bcl-2 and Bcl-xL blocked ara-C-, eto
poside-, and Taxol-induced intemucleosomal DNA fragmentation and
apoptosis (Fig. 2; Table 1). Importantly, however, Taxol-induced

DNA fragmentation and the morphological features of apoptosis were
not blocked in HL-60/Bcl-2A or HL-60/Bcl-xLA cells, although the
loop deletion constructs blocked apoptosis in response to ara-C and
etoposide to the same extent as did the full-length proteins.

Deletional Mutants of the Loop Domain of Bcl-2 and Bcl-x,
Inhibit the Ara-C- or Etoposide-induced Increase in Cytosolic Cyt
c and Caspase-3 Activity. Previous studies have demonstrated that
an exposure to high-dose ara-C (100 Â¡JLM)or etoposide (50 /J.M)for 4 h

produces mitochondria! release and cytosolic accumulation of cyt c,
followed by the induction of caspase-3 activity in HL-60/neo cells but
not in HL-60/Bcl-2 or HL-60/Bcl-xL cells (7,24). Data in Fig. 3 show
that the enforced expression of loop-deletional mutants of Bcl-2 or
Bcl-xL also blocked ara-C- or etoposide-induced cytosolic accumula

tion of cyt c and inhibited the ensuing PARP cleavage activity of
caspase-3 in HL-60/Bcl-2A and HL-60/Bcl-xLA cells. Taken together

with the previously published reports, these data indicate that, similar
to the full-length Bcl-2 and Bcl-xL, loop-deletional mutants inhibit the
ara-C- or etoposide-induced molecular cascade that results in inter-

nucleosomal DNA fragmentation (Fig. 2) and morphological features
of apoptosis (Table 1).

Taxol Increases Cytosolic Cyt c and Triggers DFF and PARP
Cleavage Activity of Caspase-3 in HL-60/neo, HL-60/Bcl-2A, and
HL-60/Bcl-xLA Cells. We also determined the effect of the enforced
overexpression of full-length Bcl-2 and Bcl-xL versus that of their

loopless counterparts on the cytosolic accumulation of cyt c, which
promotes the PARP and DFF cleavage activities of caspase-3 during
Taxol-induced apoptosis. Fig. 4 clearly demonstrates that Taxol treat

ment causes a marked increase in the cytosolic cyt c and a decline in
the p32 pro-caspase-3 levels as well as the cleavage of pi 16 PARP

into its Mr 85,000 and Mr 31,000 fragments and the cleavage of the Afr
45,000 subunit of DFF into its MT 30,000 and Mr 11,000 fragments
(data not shown) in HL-60/neo and HL-60/Bcl-2A cells but not in
HL-60/Bcl-2 cells. As compared with HL-60/neo cells, in the HL-60/

Bcl-2A cells, these effects of Taxol were slightly more pronounced,

although they were not accompanied by a significantly higher per
centage of morphologically recognizable apoptotic cells (Table 1).
Fig. 5 demonstrates that, concomitantly with Taxol-induced internu-

cleosomal DNA fragmentation, Taxol treatment also caused the cy
tosolic accumulation of cyt c and a decline in pro-caspase-3 levels as
well as the generation of PARP and DFF cleavage activity in HL-60/
Bcl-xLA and HL-60/neo cells but not in HL-60/Bcl-xL cells. The
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Table 1 Effect of loop deletion mutants and full-length Bcl-2 and Bd-xL expression on ara-C-, etoposide-, and Taxol-induced apoptosis of HL-60 cells

Untreated or drug-treated cells were washed and resuspended in drug-free medium. Cytospin preparations of the cell suspensions were fixed and stained with Wright stain. Cell
morphology was evaluated by light microscopy (see the text), and the percentage of cells showing morphologic features of apoptosis was calculated.

% apoptosis

DrugsControl

100 JIM ara-C, 4 h
50 P.Metoposide, 4 h
500 UMTaxol, 24 hNeo3.3

Â±2.2
33.0 Â±1.1
48.0 Â±2.4
35.0 Â±4.3Bcl-22.5

Â±1.7
3.3 Â±0.7"
5.9 Â±1.4Â°
6.2 Â±1.4"Bcl-2/A2.8

Â±0.8
4.7 Â±1.8Â°
6.8 Â±0.4"

28.9 Â±1.4*Bcl-xL2.9

Â±0.7
3.7 Â±0.6"
5.0 Â±0.5"
6.6 Â±1.8Â°Bcl-xL/A3.1

Â±0.5
3.0 Â±0.6Â°
3.3 Â±0.5Â°

28.0 Â±3.4*

1Values were significantly different from those in identically treated HL-60/neo cells.
*Values were significantly different from those in identically treated HL-60/Bcl-2 and HL-60/Bcl-xL cells.

decline in the pro-caspase-3 levels due to Taxol was not directly

proportional to the generation of DFF and PARP cleavage activity of
caspase-3 in HL-60/neo and HL-60/Bcl-2A or HL-60/Bcl-xLA cells

(Figs. 4 and 5). Immunoblot analysis also showed a lower level of
pro-caspase-3 in HL-60/Bcl-xLA cells as compared with that of HL-
60/neo or HL-60/Bcl-xL cells. In summary, the data presented in Figs.
4 and 5 indicate that the enforced expression of either pl9Bcl-2A or
pl8Bcl-xLA does not inhibit the molecular cascade of Taxol-induced

apoptosis triggered by the cytosolic accumulation of cyt c.
Reduced Binding of p26Bcl-2 to APAF-1 during Taxol-induced

Apoptosis. Recent studies have demonstrated that APAF-1 binds,
cleaves, and activates caspase-9 in the presence of the increased levels
of cytosolic cyt c and dATP, and caspase-9, in turn, cleaves and
activates caspase-3 (11, 18). Whereas Bcl-2 has been clearly shown to
inhibit caspase-3 activation by blocking the mitochondrial release and

cytosolic accumulation of cyt c (7, 8), it is also possible that by
directly binding to APAF-1, Bcl-2 may be inhibiting the APAF-1-
mediated activation of caspase-3 (11, 13). In the present studies, we
examined whether Bcl-2 binds APAF-1, and whether this binding is
altered during Taxol-induced apoptosis. After immunoprecipitation of
APAF-1 with the anti-APAF-1 antisera, SDS-PAGE gels were immu-
noblotted with an anti-Bcl-2 antibody that detects the presence of both
p26Bcl-2 and pl9Bcl-2A. Fig. 6A demonstrates that the levels of
p26Bcl-2 that were coimmunoprecipitated with APAF-1 in untreated
HL-60/neo and HL-60/Bcl-2A cells are markedly less as compared
with those in HL-60/Bcl-2 cells. In addition, during Taxol-induced
apoptosis, this binding of Bcl-2 to APAF-1 declines in HL-60/neo and
HL-60/Bcl-2A cells, but not in HL-60/Bcl-2 cells. In these experi
ments, because of low expression, pl9Bcl-2A was not detected in the

HL-60

Neo Bcl-2/A Bcl-xL/A

100 uM Ara-C, 4hr -+--+--+-

50 uM Etoposide, 4hr

Cytc-BÂ»Â»

p116 PARP

HL-60

Neo Bcl-2 Bcl-2/A

Fig. 3. Western analyses of the levels of cytosolic cyt c and the 116-kDa "S-labeled
in vi'/ro-translated PARP or its 85- and 31-kDa cleavage products in the S-100 fraction

from the untreated and ara-C- or etoposide-treated HL-60/neo, HL-60/Bcl-2A, and HL-
60/Bcl-xLA cells. Ara-C or etoposide treatment induced the cytosolic accumulation of cyt
c and PARP cleavage activity of caspase-3 in HL-60/neo cells, but not in HL-60/Bcl-2A
or HL-60/Bcl-xLA cells.

500 nM Taxol, 24h-Â»-

p32Caspasa-3-*-

P45DFF-

p30 IntermedÃate.
Fragment

p116PARP-*- mm-

Fig. 4. Western analyses of the levels of cytosolic cyt c, caspase-3, 116-kDa 35S-
labeled in vi'rro-translated PARP or its 85- and 31 -kDa cleavage products, and the 45-kDa

DFF subunit or its 11-kDa cleavage fragment in the S-100 fraction from untreated and
Taxol-treated (500 UMfor 24 h) HL-60/neo, HL-60/Bcl-2, and HL-60/Bcl-2A cells. Taxol
treatment causes the cytosolic accumulation of cyt c, down-regulates pro-caspase-3 levels,
and generates DFF and PARP cleavage activity of caspase-3 in HL-60/Bcl-2A and
HL-60/neo cells, but not HL-60/Bcl-2 cells.

immunoprecipitates of APAF-1 (data not shown). Immunoblot anal
ysis of APAF-1 levels demonstrates equivalent levels of APAF-1 in

all cell types, and these levels were unaffected by treatment with
Taxol (Fig. 60). In the immunoprecipitates with anti-Bcl-2 antibody,
APAF-1 was faintly detected in all cell types (data not shown).

Taxol Induces Phosphorylation of p26Bcl-2 but not pl9Bcl-2A.
Previous reports have demonstrated that treatment with antimicro-

tubule agents can produce a posttranslational modification of
Bcl-2, resulting in a mobility shift of Bcl-2 on the immunoblots

(17, 19). In the case of Taxol, this has been shown to be due to the
increase in serine phosphorylation of Bcl-2 in its loop domain, as
represented by the increase in [32P]PÂ¡incorporation into p26Bcl-2

after treatment with Taxol. Fig. 7 demonstrates that exposure to
500 nin Taxol for 12 h produced a slower-migrating p26Bcl-2 band

in all cell types, which lasted until 20 h of treatment with Taxol
(data not shown). Both pl9Bcl-2A and pl8Bcl-xLA were unaf
fected by Taxol treatment. As previously reported, in HL-60/
Bcl-xu cells with an overexpression of Bcl-xL, Taxol did not
induce a mobility shift of Bcl-xL. This was also not seen in the
other transfectants, because HL-60 cells express barely detectable
levels of Bcl-xL. As noted above, a markedly lower expression of
p26Bcl-2 was observed in HL-60/Bcl-xLA cells. The significance

of this is unclear. Fig. 8A demonstrates that after exposure to
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HL-60

NEO Bel-XL
500 nMTaxol,24h-Â»~

CytC-Â»-

p32 Caspase-3 -*~

p30 Intermediate _^
Fragment

P116PARP â€¢¿�--

Fig. 5. Western analyses of the levels of cytosolic cyt c, caspase-3, 116-kDa 35S-

labeled in v/rro-translated PARP or its cleavage products, and the 45-kDa OFF subunit or
its 11-kDa cleavage fragment in the S-100 fraction from untreated and Taxol-treated (500
nM for 24 h) HL-60/neo, HL-60/Bcl-xL, and HL-60/Bcl-xLA cells. Taxol treatment causes
the cytosolic accumulation of cyt c, decreases the levels of pro-caspase-3, and generates
the OFF and PARP cleavage activity of caspase-3 in HL-60/Bcl-xLA and HL-60/neo cells,
but not in HL-60/Bcl-xL cells.

HL-60
Neo Bcl-2 Bcl-2/A
" -"""+ !""+ Taxol 500uM,24Hre

A. _, WW â€”¿� -*- p26 Bcl-2

â€”¿�â€”â€”¿�*â€¢â€¢.-*- p130Apaf-1

Fig. 6. Cell lysates of the untreated and Taxol-treated (500 nM for 24 h) HL-60/neo,
HL-60/Bcl-2, and HL-60/Bcl-2A cells were immunoprecipitated with polyclonal
anti-APAF-1 antibody; the immunoprecipitates were resolved on SDS-PAGE with
subsequent immunoblotting with anti-Bcl-2 (DAKO; A) and anti-APAF-1 (B) anti
bodies. Higher levels of p26Bcl-2 coimmunoprecipitated with APAF-1 in HL-60/
Bcl-2 cells as compared with HL-60/neo or HL-60/Bcl-2A cells. After Taxol treat
ment, less binding of Bcl-2 to APAF-1 was observed in HL-60/neo and HL-60/Bcl-
2A, but not in HL-60/Bcl-2 cells.

Taxol, the immunoprecipitated p26Bcl-2A showed an increase in
[32P]P; incorporation in HL-60/neo and HL-60/Bcl-2A cells. Al
though not shown, this was also seen in HL-60/Bcl-2 cells. After
Taxol treatment, a mobility shift of the immunoprecipitated
p26Bcl-2 was also observed (Fig. 8/4). A markedly lower amount
of pl9Bcl-2A was immunoprecipitated with the anti-Bcl-2 anti
body (Santa Cruz), and it neither registered a mobility shift (Fig.
8A) nor showed an increase in [32P]PÂ¡incorporation (data not

shown) after treatment with Taxol. Although barely detectable
p29Bcl-xL levels were immunoprecipitated from HL-60/neo and
HL-60/Bcl-xLA cells after [32P]PÂ¡labeling, Taxol treatment did
modestly increase [32P]PÂ¡incorporation into p29Bcl-xL (Fig. 8ÃŸ).
This [32P]PÂ¡incorporation into p29Bcl-xL was clearly more pro
nounced in HL-60/Bcl-xL cells that overexpress p29Bcl-xL (Fig.
SB). Again, Taxol did not affect [32P]PÂ¡labeling of pl8Bcl-xLA in

HL-60/Bcl-xLA cells (data not shown). These data indicate that
Taxol induces a mobility shift and increases the [32P]PÂ¡labeling of
p26Bcl-2 but not its loop deletion variant and similarly leads to
increased labeling of p29Bcl-xL but not pl8Bcl-xLA.

Discussion

Antimicrotubule agents and okadaic acid have been shown to
induce a mobility shift of p26Bcl-2 (17, 19, 26). In the case of Taxol,
this was associated with the serine phosphorylation of Bcl-2 and
apoptosis (17, 26), raising the possibility that phosphorylation may
abrogate the antiapoptotic function of Bcl-2, thereby promoting ap
optosis (17-19, 28). The loop domain of Bcl-2 (and Bcl-xL) contains
the serine phosphorylation sites and has been claimed to impair the
antiapoptotic effect of Bcl-2 (16). The deletion of the loop domain
potentiates the protective effect of Bcl-2 against growth factor with
drawal and anti-IgM-induced apoptosis (16). Ito et al. (21) demon
strated that the phosphorylation of Bcl-2 on its serine 70, located in
the loop domain, may actually be required for its antiapoptotic func
tion against interleukin 3 withdrawal. Data presented here show that

Neo

HL-60

Bcl-2 Bcl-2/A Bcl-XL Bcl-X^/A

500 nM Taxol, 12h

p26 Bcl-2 -Â»-

p19Bcl-!M-Â»~

p29 Bel XL-*-

Fig. 7. Western analyses of p26Bcl-2, p29Bcl-xL. pl9Bcl-2A, or pl8Bcl-xLA proteins
from the cell lysates of untreated and Taxol-treated HL-60/neo. HL-60/Bcl-2, and HL-
60/Bcl-xLA cells. Treatment with Taxol for 12 h produced a slow mobility band of
phosphorylated Bcl-2 to appear in HL-60/neo, HL-60/Bcl-2, and HL-60/Bcl-2A cells.
Taxol treatment did not cause the mobility shift of pl9Bcl-2A or pl8Bcl-xLA in HL-60/
Bcl-2A and HL-60/Bcl-xLA cells, respectively.

A.

500 nM Taxol, 12h

p26 Bcl-2 -*-

p19 Bcl-2/A -*-

p26 Bcl-2 (32P)-Â»-

B.

HL-60
Nco

HL-60

Nco

500 nM Taxol, 12h + -

p29

Bcl-XL/A

I
Fig. 8. Taxol induced [*12P]PÂ¡incorporation in p26Bcl-2. Immunoprecipitates with

anti-Bcl-2 antibody (Santa Cruz Biotechnology. Inc.) from untreated or Taxol-treated cells
were immunoblotted with anti-Bcl-2 antibody (A, upper panel). Alternatively, after ÃŒ2P

labeling of untreated and Taxol-treated cells, immunoprecipitates with anli-Bcl-2 (A,
lower panel) or anti-Bcl-xL antibody (B) were gel-electrophoresed and autoradiographed.
Taxol treatment caused increased phosphorylation of p26Bcl-2 and p29Bcl-xL, repre
sented by increased 32P incorporation in immunoprecipitated p26Bcl-2 or p29Bcl-xL.
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Taxol causes neither a mobility shift nor phosphorylation of loop-
deleted pl9Bcl-2A32-80. In addition, enforced expression of
pl9Bcl-2A or pl8Bcl-xLA inhibits the ara-C- or etoposide- but not the
Taxol- or okadaic acid-induced (data not shown) molecular cascade
resulting in apoptosis. In contrast, overexpression of full-length Bcl-2
or Bcl-xL does inhibit Taxol- or okadaic acid-induced apoptosis.
Taken together, these findings suggest that the loop domain of Bcl-2
and its phosphorylation may be necessary for its antiapoptotic effect
against Taxol-induced apoptosis but not ara-C- or etoposide-induced
apoptosis. It could be argued that in HL-60/Bcl-2A cells, the Taxol-
induced mobility shift and phosphorylation of endogenous p26Bcl-2
may be a potent apoptotic trigger that overcomes the antiapoptotic
activity of pl9Bcl-2A. However, this would not explain why Taxol-
induced apoptosis is inhibited in HL-60/Bcl-2 cells in which the
overexpressed p26Bcl-2 is phosphorylated by Taxol. Also, Taxol-
induced apoptosis is unaffected in HL-60/Bcl-xLA cells in which
p26Bcl-2 is significantly depleted and its phosphorylation by Taxol is
relatively weak.

Taxol-induced Bcl-2 phosphorylation has also been shown to be
associated with an increase in the intracellular ratio of free:bound Bax
(26). This has also been shown to occur during ara-C-induced apop
tosis (24). The deletional mutant of Bcl-2 that is not phosphorylated
by Taxol and does not inhibit Taxol-induced apoptosis has been
shown to be unaltered in its ability to bind proapoptotic proteins such
as Bax (16). Also, the phosphorylation of serine 70 shown to be
necessary for the antiapoptotic function of Bcl-2 does not alter its
affinity for Bax (21). Taken together, these observations suggest that
the disparate effect of pl9Bcl-2A versus p26Bcl-2 in response to
Taxol-induced apoptosis is unlikely to be due to differences in the
status of the free:bound Bax in HL-60/Bcl-2A versus HL-60/Bcl-2
cells, although this was not directly ascertained in the present studies.
Recently, the loop domain of Bcl-2 was shown to be cleaved by
caspases, and cleavage product p23Bcl-2 promoted apoptosis (29). As
compared with wild-type p26Bcl-2, the loop-deletional mutants were
demonstrated to have a greater antiapoptotic effect against apoptosis
induced by growth factor withdrawal; this was attributed to the
resistance of loop-deleted pl9Bcl-2A32-80 to cleavage by caspase-3
(29). These observations, however, would not explain the disparate
effect of pl9Bcl-2A against Taxol-induced apoptosis versus ara-C or
etoposide-induced apoptosis. Our inability to show the appearance of
a p23Bcl-2 band in the immunoblot shown in Fig. 7 may be due to
either the anti-Bcl-2 (DAKO) antibody used for these immunoblots or
the 12-h exposure interval to Taxol, which may not be the appropriate
interval to detect the cleavage product, p23Bcl-2, during Taxol-
induced apoptosis.

The findings reported here also show for the first time that Taxol
treatment causes the cytosolic accumulation of cyt c, resulting in
the PARP and OFF cleavage activity of caspase-3 as well as the
apoptosis of HL-60/neo, HL-60/Bcl-2A, and HL-60/Bcl-xLA cells,
but not HL-60/Bcl-2 or HL-60/Bcl-xL cells. Recently, the p45
subunit of DFF has been shown to be homologous to the inhibitory
protein for the endonuclease (CAD) that produces the DNA frag
mentation of apoptosis (30, 31). Hence, the activity of CAD
requires cleavage of the inhibitory protein (1CAD or DFF45; Refs.
30 and 31). Bcl-2 or Bcl-xL overexpression has been shown to
block the activation of caspase-3 by blocking the mitochondrial
release of cyt c (7-9, 24). In contrast, loop-deletional pl9Bcl-2A
does not inhibit the increase in cytosolic cyt c induced by Taxol
(Fig. 4), although it blocked etoposide- and ara-C-induced cytoso
lic accumulation of cyt c (Fig. 3). This suggests that the Taxol-
induced phosphorylation of the loop domain of Bcl-2 may be
important for the ability of Bcl-2 to block the egress of cyt c from
mitochondria into the cytosol. Recently, in the presence of cyto

solic cyt c and dATP, APAF-1 has been shown to bind and activate
pro-caspase-9 which, in turn, cleaves and activates caspase-3 (11,
32). This has raised the possibility that, similar to the binding of
CED-9 with CED-4, which inhibits CED-3 processing and activity
in the nematode c. elegans, Bcl-2 may also bind APAF-1 and
inhibit the activation of caspase-3 in HL-60 cells (11, 13). Data
presented in Fig. 6 are consistent with this hypothesis and show
that p26Bcl-2 can be coimmunoprecipitated with APAF-1. During
Taxol-induced apoptosis of HL-60/neo and HL-60/Bcl-2A cells,
this binding of p26Bcl-2 with APAF-1 is inhibited. In untreated
HL-60/Bcl-2 cells, a much higher amount of p26Bcl-2 was coim
munoprecipitated with APAF-1. But in these cells, the binding of
p26Bcl-2 to APAF-1 was not reduced by Taxol, although it phos
phorylated Bcl-2; Taxol did not induce either the caspase-3 cleav
age and activity or apoptosis of HL-60/Bcl-2 cells. Due to much
lower expression of pl9Bcl-2A relative to p26Bcl-2, we were also
unable to detect pl9Bcl-2A in the immunoprecipitates of APAF-1.
Two recent reports have demonstrated that APAF-1 also binds to
Bcl-xL, and this may inhibit APAF-1-dependent caspase-9 activa
tion (33, 34). Collectively, in conjunction with our findings, these
reports suggest this as another mechanism by which Bcl-2 or
Bcl-xL may block apoptosis.
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